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Introduction {#sec001}
============

Coronary artery stenosis is one of the major cardiovascular diseases, which cause myocardial infarction and peripheral artery disease worldwide \[[@pone.0196688.ref001]\]. Implanted stents are a widely used method for the treatment of such diseases \[[@pone.0196688.ref002]\]. While stent implantation expands the stenotic vessel and increases the lumen area, in-stent restenosis (ISR) is a major risk factor for coronary stent implantation and remains a major concern for patients who had bare-metal stents implanted. Compared with bare-metal stents, drug-eluting stents (DESs) is able to significantly reduce the risk of vascular restenosis and neointimal hyperplasia \[[@pone.0196688.ref003], [@pone.0196688.ref004]\]. However, drug-eluting stents improve vascular restenosis and also simultaneously inhibit the process of endothelialization, so the repair of damaged blood vessels is also delayed, leading to late thrombosis and some other complications \[[@pone.0196688.ref005]\]. Those treatments cannot completely eliminate ISR and the risk for late thrombosis. Therefore, rapid surface endothelialization of a coronary stent has important significance, which can provide a strategy for improving the condition of thrombosis and minimizing restenosis \[[@pone.0196688.ref006]\].

Different methods have been attempted to accelerate the endothelialization on the stent surface. Wu \[[@pone.0196688.ref007]\] et al. determined that vascular endothelial growth factor (VEGF) overexpression is able to promote endothelial cell proliferation and accelerate stent endothelialization. Additionally, Shirota \[[@pone.0196688.ref008]\] et al. fabricated an intravascular stent seeded through endothelial progenitor cells (EPCs) and tested it in vitro. The process of accelerating endothelialization with anti-CD34 antibodies (EPCs capable of capturing blood in patients) has also been reported \[[@pone.0196688.ref009]\]. However, those methods could not be used for clinical treatment, primarily due to the limited cell proliferation and adherence on the stent. Therefore, finding a new method is critical in promoting the proliferation of endothelial progenitor cells or in accelerating the endothelialization process.

Typically, the effects of pulsed electric fields on biological cells have been investigated since the late 1950s. More recently, the duration of the electric fields has been shortened to nanoseconds \[[@pone.0196688.ref010]\]. Nanosecond pulsed electric fields (nsPEFs) with short pulse duration, low energy density and non-thermal effects possess numerous practical applications in both medicine and biology including Tumor ablation \[[@pone.0196688.ref011]\], gene transfection \[[@pone.0196688.ref012]\] and wound healing \[[@pone.0196688.ref013]\]. Throughout the recent years however, we discovered an interesting phenomenon in which the proliferation effect could be induced by nsPEFs under relatively low electric field strength. Several types of research have reported that nsPEFs could improve the growth of and *Haloxylon ammodendron* seeds \[[@pone.0196688.ref014]\], enhance the proliferation and dedifferentiation of chondrocytes \[[@pone.0196688.ref015]\] while also increasing the avermectins production in *Streptomyces avermitilis* \[[@pone.0196688.ref016]\]. In the process of implanting stents, it is very important to accelerate the endothelialization on the stent surface. Previous studies \[[@pone.0196688.ref007], [@pone.0196688.ref017]\]suggested that some factors (VEGF, HGF) are able to rapidly stimulate the proliferation of endothelial cells, which can accelerate stent endothelialization, thus improving the condition of thrombosis and minimizing restenosis.

Base on those considerations, we attempted to use nanosecond pulse techniques to stimulate the growth of porcine iliac endothelial cells. In this experiment, nanosecond pulse devices were used to treat PIEC cell suspensions and the PIEC cell line was tested by CCK-8 assay for cell proliferation, intracellular Ca^2+^ concertation was measured using the fluorescence Ca^2+^ indicator fluo-4 AM, the Reactive Oxygen Species Assay Kit for intracellular reactive oxygen species level and Total Nitric Oxide Assay Kit for NO production in the cultured medium.

Material and method {#sec002}
===================

2.1 Cell line and cell culture {#sec003}
------------------------------

The cell line used in this study was PIEC (Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences, P. R. China, No: GNO15), derived spontaneously from a porcine iliac artery endothelial cell culture. PIEC cells were cultured in RPMI-1640 medium, supplemented with 10% dialyzed fetal calf serum, 1% penicillin/streptomycin and 2mM L-glutamine (all purchased from Beyotime Institute of Biotechnology, Jiangsu, China). PIEC cells were seeded in culture plate. For this study, the cells were maintained in a humidified atmosphere at 37°C and 5% CO2 and were removed by trypsinization (Trypsin 0.25% and EDTA 0.02%; Sigma-Aldrich, Beijing, china) and washed with PBS (Sigma-Aldrich, Beijing, china).

2.2 The nanosecond pulsed electric field treatment {#sec004}
--------------------------------------------------

In this study, the pulsed high-voltage power supply and the nsPEF generator are showed in [Fig 1](#pone.0196688.g001){ref-type="fig"}. The nsPEF generator was applied as previously described \[[@pone.0196688.ref018]\]. The electric pulse exposed system consisted of a coaxial cable-based Blumlein pulse-forming network matched to the biological load in electroporation cuvette. PIEC cells were counted with a hemocytometer, and 1.1×10^6^ cells suspended in 1000 μL culture medium were added to 2mm gap cuvettes (Biosmith, aluminum plate electrode, San Diego, CA). The nsPEF generator produced nearly rectangular 100ns pulse that were delivered to the cells suspension by a 2 mm cuvette with 10 pulses at 5 kV/cm, 10 kV/cm and 20 kV/cm electric fields. Waveforms were monitored by using a digital phosphor oscilloscope (DPO4054. Tektronix. USA) equipped with a high voltage probe (P6015A. Tektronix. USA). A schematic diagram of the experimental arrangement is showed in [Fig 2](#pone.0196688.g002){ref-type="fig"} and experiments were carried out under standard conditions except as noted. Samples were taken out of the cuvette for analyses at certain intervals. All experiments were conducted more than three times and the reproducibility was within 10%.

![A schematic diagram of experimental setup for nsPEFs on PIEC cells.\
(A) The photo of 100 ns nsPEFs generator used in this experiment. (B) The typical waveforms of nsPEFs. (C) Circuit diagram of the basic Blumlein pulse forming system.](pone.0196688.g001){#pone.0196688.g001}

![A schematic diagram of the experimental arrangement.](pone.0196688.g002){#pone.0196688.g002}

2.3 Cell proliferation test {#sec005}
---------------------------

In order to evaluate the effect of nsPEFs on PIEC cells, PIEC cells proliferation was investigated by Cell Counting Kit-8 (CCK-8) after incubation for 1 and 2 days respectively. When cells began to grow exponentially, they were treated with 10 pulses of nsPEFs with 100 ns durations at 5 kV/cm, 10 kV/cm, 20 kV/cm electric fields. In this study, we seeded 8.0×10^3^ cells/well into 96-well flat bottom (Corning Costar, Beijing, China) plates. After incubation for 24, 48h, 10 μl CCK-8 was added to each well, and cells were further incubated at 37°C for 2 h. The absorbance was measured at 450 nm by a microplate reader. All proliferation experiments were performed in triplicate. The cell viability (of control cells) and proliferation rate was calculate according to the following equation as usual.

The cell viability (of control cell) = (OD~nsPEFs~---OD~blank~)/(OD~control~---OD~blank~)

The proliferation rate = (OD~nsPEFs~---OD~control~)/(OD~control~---OD~blank~)

2.4 Measurement of intracellular free Ca^2+^ {#sec006}
--------------------------------------------

The concentration of intracellular Ca^2+^ concentration was measured using the fluorescence Ca^2+^ indicator Fluo-4 AM according to a previous report\[[@pone.0196688.ref019]\]. When cells began to grow exponentially, they were treated with 10 pulses of nsPEFs with 100 ns durations at 5 kV/cm, 10 kV/cm, 20 kV/cm electric fields. After nsPEFs treatment, the cells was washed with Hank\'s Balanced Salt Solution (HBSS) twice, and loaded with 4 μM Fluo-4 AM (Beyotime Institute of Biotechnology, Jiangsu, China) for 45 min in the dark. Then the cells were rinsed with HBSS twice and incubated for another 20 min at 37°C to ensure that Fluo-4 AM had completely transformed into Fluo-4 in the cells. Image were taken with a laser scanning confocal microscope. Detection of intracellular Ca^2+^ was carried out by a BD LSRFortessa SORP cytometer (BD Bioscience). The Ca^2+^ concentration was expressed as the mean fluorescence intensity of each treated group compared with that of the vehicle control group.

2.5 Measurement of intracellular reactive oxygen species {#sec007}
--------------------------------------------------------

Intracellular ROS levels were detected using the reactive oxygen species assay kit (Beyotime Institute of Biotechnology, Jiangsu, China) according to the manufacturer's protocol. PIEC cells were incubated with 10 μM dichlorofluorescein diacetate (DCFH-DA) for 20 minutes at 37°C. After washing twice, cells were exposed to nsPEFs. Fluorescence intensity was measured by a flow cytometer.

2.6 Measurement of Nitric oxide {#sec008}
-------------------------------

For the measurement of nitric oxide, normal saline (0.90% w/v of NaCl) was used as the experimental solution for studying exogenous NO production and PIEC cells were suspended in normal saline. After nsPEFs treatment, the solution was centrifuged for 3 min to remove PIEC cells. Then, the total NO concentration stimulated by nsPEFs in normal saline was detected by measuring the concentration of nitrate and nitrite, a stable metabolite of NO by modified Griess reaction method. Total Nitric oxide assay kit (Beyotime Biotechnology China) was used. Experiments were repeated three times.

2.7 Statistics {#sec009}
--------------

The statistical significance was calculated by ANOVA analysis in SPSS version 22.0. An analysis of variance (ANOVA) was conducted to compare the effects of different nsPEFs treatments on PIEC cells, and significant differences between the mean values were identified by the Student-Newman-Keul's multiple range test with a confidence level at P \< 0.05.

Result {#sec010}
======

3.1 Cell viability {#sec011}
------------------

In order to investigate the proliferative effect of nsPEFs on PIEC, cell survival for different exposure parameters was determined by CCK-8 assay after the application of 10 high voltage pulses with field strengths of 5, 10 and 20 kV/cm. [Fig 3](#pone.0196688.g003){ref-type="fig"} depicts the proliferative effect of nsPEFs on PIEC cells. As shown in [Fig 3A](#pone.0196688.g003){ref-type="fig"}, when a low field strength (5 kV/cm, 10 pulses) was applied, PIEC cell viability (111.45±8.46%) was increased by 11% of the control group at 24 h and the proliferative rate was significantly (p\<0.05) increased compared with the control group. However, after 10 kV/cm and 20 kV/cm, 10 pulses treatments, the growth survival rates reflected to be 90.91±10.96%, 84.60±11.42%. Consequently, high field strengths (over 10 kV/cm) showed an inhibitory effect on PIEC cells. Additionally, [Fig 3B](#pone.0196688.g003){ref-type="fig"} reflects the proliferative effect of the PIEC cells after incubation for 48 hours. The growth survival rate was a significant 116.26±9.24% under the low field strength (5 kV/cm). Interestingly, the inhibitory effect of nsPEFs on PIEC cells disappeared under high field strengths (over 10 kV/cm) and the response of PIEC cells to nsPEFs was different under a dose (different pulse parameter and incubation time) dependent manner.

![Viability of PIEC cells exposed to 10 pulse of nsPEFs measured by CCK-8 assay after incubation for 24h, 48h.\
Bar labeled with different lowercase letters indicate a significant difference according to the Student-Newman-Keul's multiple range test (P\<0.05). Date were expressed as mean ± SD (n = 9).](pone.0196688.g003){#pone.0196688.g003}

3.2 Effect of nsPEFs on intracellular Ca^2+^ {#sec012}
--------------------------------------------

Intracellular calcium level caused by the entry of external calcium and its release from internal stores was found to be related to cell proliferation\[[@pone.0196688.ref020]\]. In order to verify that the proliferative effect of nsPEFs was caused by the intracellular calcium level, we measured the intracellular calcium concentration utilizing the Fluo-4 fluorescence indicator after nsPEFs treatment with 10 pulses of nsPEFs with 100 ns durations at 5 kV/cm, 20 kV/cm electric fields. The effect of nsPEFs on the intracellular calcium level is visualized in [Fig 4](#pone.0196688.g004){ref-type="fig"} and the results indicate that nsPEFs made the green fluorescence intensity higher than control group. This reflects that the intracellular Ca^2+^ concentration of PIEC cells was significantly increased after nsPEFs treatment. After the application of 10 high voltage pulses with field strengths of 5 and 20 kV/cm, the relative fluorescence intensity of reactive oxygen species were 1.13-fold, and 1.41-fold (p\<0.05) compared with the control group. It is also notable that calcium levels in the nsPEFs-exposed cells were dependent on the electric field strength of nsPEFs pulses applied.

![Effect of nsPEFs on intracellular Ca2+ concentrations in PIEC cells.\
(A) Representative fluorescence image in PIEC cells after nsPEFs treatment. (B) Bar diagram showing the quantitative date of PIEC cells after nsPEFs treatment. Bar labeled with different lowercase letters indicate a significant difference according to the Student-Newman-Keul's multiple range test (P\<0.05). Bars indicate average expression (±SD) of three replicates.](pone.0196688.g004){#pone.0196688.g004}

3.3 Reactive oxygen species induced by nsPEFs {#sec013}
---------------------------------------------

ROS act as second messengers and can influence a variety of cellular processes including growth factor responses and cell survival\[[@pone.0196688.ref021]\]. To determine if nsPEFs increased ROS, we measured the intracellular ROS of PIEC cells after nsPEFs treatment. As shown in [Fig 5](#pone.0196688.g005){ref-type="fig"}, the intracellular ROS concentration of PIEC cells increased after being exposed to nsPEFs. After the application of 10 high voltage pulses with field strengths of 5, 10 and 20 kV/cm, the relative fluorescence intensity of reactive oxygen species were 1.60-fold (p\<0.05), 1.53-fold (p\<0.05) and 1.21-fold (p\<0.05) compared with the control group, respectively. More interestingly, the concentration of intracellular ROS of cells treated with nsPEFs at 5 kV/cm was higher than that treated with nsPEFs at 20 kV/cm. Such results suggest that nsPEFs promote the proliferation of PIEC cells in a ROS depended manner.

![Intracellular reactive oxygen species of PIEC cells after application of 10 high voltage pulses with field strengths of 5, 10 and 20 kV/cm were measured using a flow cytometry.\
Bar labeled with different lowercase letters indicate a significant difference according to the Student-Newman-Keul's multiple range test (P\<0.05). Bars indicate average expression (±SD) of three replicates.](pone.0196688.g005){#pone.0196688.g005}

3.4 NsPEFs induced increase in extracellular NO production {#sec014}
----------------------------------------------------------

As a signaling molecule, NO regulates various physiological and pathophysiological processes, such as vascular functions (angiogenesis, blood flow, vascular permeability)\[[@pone.0196688.ref022]\]. To determine whether nsPEFs induced proliferation is related to NO, the total NO concentration was detected in this study. We tested the total NO concentration of each sample with PIEC cells as a means to eliminate the effects of the RPMI-1640 medium after different nsPEFs treatment. As depicted in [Fig 6](#pone.0196688.g006){ref-type="fig"}, the total NO concentrations in the NaCl solution of the control group was 5.34±0.31μmol/L. Meanwhile, the NO concentration detected in nsPEFs treatment groups were 8.54±0.15, 5.42±0.19, 5.70±0.56μmol/L for 5 to 20 kV/cm, 10 pulses and the total NO concentration in the NaCl solution treated with nsPEFs at 5 kV/cm was significantly higher than the control group. These results suggest that NO may be a factor in promoting the proliferation of PIEC cells by nsPEFs treatment.

![The effect of nsPEFs on extracellular NO production in the nsPEFs treated buffer system (with PIEC cells).\
Bar labeled with different lowercase letters indicate a significant difference according to the Student-Newman-Keul's multiple range test (P\<0.05). Bars indicate average expression (±SD) of three replicates.](pone.0196688.g006){#pone.0196688.g006}

Discussion {#sec015}
==========

Nanosecond pulsed electric fields (nsPEFs) with short pulse duration, low energy density and non-thermal effects possess various practical applications, and is most often applied for cell fusion, separation of nucleic acids and proteins, as well as in electroporation for molecular transport \[[@pone.0196688.ref023], [@pone.0196688.ref024]\]. It is well-known that nsPEFs can be used as a novel cancer therapy if high electric field (over 20 kV/cm) is involved \[[@pone.0196688.ref025]\]. In this study, we discovered that nanosecond pulsed electric fields have a dose-dependent effect on cells. Specifically speaking, electric pulses with high electric field intensity can inhibit cell growth, while nsPEFs can induce proliferative effect under low electric field strength. Zhang et al. demonstrated that exposing chondrocytes to nsPEFs at low electric field strength led to enhanced proliferation and dedifferentiation\[[@pone.0196688.ref015]\]. Additional, Guo et al. also determined that 20 pulses of nsPEFs at 15 kV/cm increased avermectin production by 42% and reduced the time for reaching a plateau in the fermentation process\[[@pone.0196688.ref016]\]. Both academic analyses and medical experiment results indicated that a low field intensity was able to induce cell proliferation. Base on this consideration, we investigated the proliferative effect of PIEC cells after being exposed to nsPEFs at a low electric field strength. Consequently, our study showed that exposures to nanosecond pulsed electric fields were able to temporarily change the viability of PIEC cells. Furthermore, we also found that low field strengths (5 kV/cm) reflected a significant proliferative effect (P\<0.05) on PIEC cells and the proliferative effect had a time-dependent manner. Meanwhile, high field strengths (over 10 kV/cm) showed an inhibitory effect on PIEC cells. These results are in accordance with the previous studies which indicated that nsPEFs treatment with low intensity could induce cell proliferation of S.avermitilis, while high field intensity would lead to an obvious inhibition effect\[[@pone.0196688.ref016]\]. Our results indicated that nsPEFs at low electric field can promote the proliferation of PIEC cells, which had a potential to stimulate endothelial cells to accelerate stent endothelialization.

We examined the intracellular free calcium levels after exposure to nsPEFs and found that intracellular free calcium concentrations increased after nsPEFs treatment compared to the control group. Previous studies \[[@pone.0196688.ref026], [@pone.0196688.ref027]\] have determined that the nsPEFs can cause a large number of nanopores on both the plasma membrane and intracellular membrane, and concluded that the intracellular membrane is more susceptible to nsPEFs than plasma membranes. It is notable that those nanopores can induce a variety of responses in cells such an increase in the intracellular free calcium level\[[@pone.0196688.ref028]\]. Scarlett\[[@pone.0196688.ref026]\] et al discovered that the \[Ca^2+^\]~i~ response was due to the release of Ca^2+^ from the intracellular store at a low electric field strength and that the increase in \[Ca^2+^\]~i~ was caused by both an internal release and an influx across the plasma membrane at a high electric field strength. Our results aligned with previous theoretical and experimental studies. At a low field strength of 5 kV / cm, the pulse only acts on the intracellular endoplasmic reticulum, so that the endoplasmic reticulum calcium library was released. At a high field strength of 20 kV / cm, the pulse not only leads to the release of calcium in the endoplasmic reticulum, but also causes cell membrane damage, leading to calcium influx in the culture medium. The calcium signal created by the entry of external calcium and its release from internal stores related to the cell proliferation by activating the immediate early genes responsible for inducing resting cells (G0) to re-enter the cell cycle \[[@pone.0196688.ref020]\]. When a low field strength of 5 kV/cm and 10 pulses were applied, PIEC cell viability was increased due to the increase of intracellular free calcium concentration. Meanwhile, high field strengths (over 10 kV/cm) reflected an inhibitory effect on PIEC cells due to the damage of plasma membranes. Consequently, such results indicated that changes of intracellular calcium level may be a factor for enhancing the proliferation in PIEC cell by nsPEFs treatment.

Reactive oxygen species such as superoxide anion (O~2~^-^), hydrogen peroxide (H~2~O~2~), and hydroxyl radical (HO•), consist of radical and non-radical oxygen species formed by the partial reduction of oxygen. As "two-faced" molecules, ROS are involved in various complex signaling pathways and are critical to the fate of both healthy and diseased cells. Additionally, a low level of ROS can directly interact with critical signing molecular as a means to initiate signaling in a broad variety of cellular processes, such as proliferation and survival. Meanwhile, higher levels of ROS cause disruptions of cellular processes through the non-specific attack of proteins, lipids, and DNA, which can cause cell dysfunction \[[@pone.0196688.ref021], [@pone.0196688.ref029]\].We measured the intracellular ROS of PIEC cells after nsPEFs treatment and found that nsPEFs were able to significantly induced an increase in intracellular ROS levels (p\<0.05) compared with the control group. This result is consistent with the previous studies which reflected that nsPEFs could lead to elevated intracellular ROS levels \[[@pone.0196688.ref030], [@pone.0196688.ref031]\]. Nuccitelli\[[@pone.0196688.ref030]\] et al. demonstrated that 100ns, 30 kV/cm nsPEFs can stimulate an increase in ROS proportional to the pulse number. NsPEFs can induce a small increase in the intracellular ROS level that activates signaling pathway to enhance cell proliferation through the use of low-power pulses. This result indicated that nsPEFs promoted the proliferation of PIEC cells in a ROS depended manner.

Previous studies\[[@pone.0196688.ref014], [@pone.0196688.ref025]\] reported that nsPEFs can induce exogenous NO and endogenous NO. Guo\[[@pone.0196688.ref025]\] et al. determined that the total NO concentration in the buffer solution of controls was significantly lower than those of nsPEFs treatment groups. Furthermore, as a signaling molecule, NO is not only able to expand the blood vessels, but can also spread to the vascular lumen, inhibition of platelet aggregation and adhesion, which prevent neutrophils and monocytes from adhering to the blood vessel wall, creating an anti-thrombotic performance on the endothelial surface \[[@pone.0196688.ref022], [@pone.0196688.ref032], [@pone.0196688.ref033]\]. The therapeutic and biosafety effects of NO highly depend on its concentration and location in the body. Lower concentrations of NO have been suggested to exert a direct effect on processes such as cell proliferation and survival; whereas higher concentrations have an indirect effect through both oxidative and nitrosative stresses. It is also notable that it can inhibit the proliferation of smooth muscle cells\[[@pone.0196688.ref034]\]. In order to determine whether nsPEFs induce cell proliferation is related to NO, we detected the change of NO concentration in an NaCl solution. The results reflected that NO experienced an obvious increase (P\<0.05) after treatment with nsPEFs at 5 kV/cm compared with the control group. The existence of exogenous NO in the NaCl solution may be dependent on the arc discharge during the pulse electric field\[[@pone.0196688.ref035]\]. According to the arc discharge theory, the nitrogen and oxygen dissolved in the NaCl solution could be dissociated into active species in the pulsed high voltage discharge system. These results suggested that NO could be a factor used in enhancing proliferation in PIEC cells through nsPEFs treatment.

As a novel technology, nsPEFs has received great attention in practical applications of medicine and biology. Furthermore, studies \[[@pone.0196688.ref036], [@pone.0196688.ref037]\] have shown that nsPEFs may have a selective effect on different cells, which indicates that different cells have various types of proliferation effects after same pulse parameters treatment. In the treatment of ISR, we are interested in combining performances, since it is able to inhibit the proliferation of smooth muscle cell while also promoting the proliferation of endothelial cells. NsPEFs should be useful for further theoretic and experimental studies in this disease treatment. In the further studies, we will explore the growth of endothelial cells on the stent in vivo under the stimulation of nanosecond pulsed electric fields.

Conclusion {#sec016}
==========

To Summarize our data, appropriate pulse parameters are able to enhance cell proliferation on PIEC cells which may involve the intracellular Ca^2+^ concertation, as well as ROS and NO production in nsPEFs treatment system. Our research provides a new method in promoting the cell proliferation of PIEC cells. These results suggest that nsPEFs may have a potential application in the process of accelerating the stent endothelialization.

Supporting information {#sec017}
======================

###### The absorbance of PIEC cells measured by CCK-8 assay after nsPEFs treatment immediately.

(TIF)

###### 

Click here for additional data file.

###### The Representative microscopical image of PIEC cells after nsPEFs treatment at 24h (scale, bar 100μm).

(TIF)

###### 

Click here for additional data file.
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